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Abstract
Prosthetic foot shells are designed to fit around lower limb prosthetics to be able to fit
shoes and several types of footwear. They are currently designed in a way that they wear through
very quickly if used in an active lifestyle. The current designs on the market are designed for
geriatric use. The sponsor for this project Mr. Dana Cummings, would like for the team to
produce a product that extends current foot shell’s life. This document explains includes the
team’s research process, the design process, and the main functions of what the team designed
for. It will also show the final verification prototype, instructions on how to add the SoleMates
Do It Yourself (DIY) kit to an existing foot shell, and explain how it was tested to finalize the
design. Suggestions for future work on the project have been included to help anyone wishing to
further iterate on this project.

ii

Table of Contents
1.0 Introduction……………………………………………………………………..1
2.0 Background……………………………………………………………………..1
3.0 Objectives………………………….….….................................….……………5
4.0 Concept Design…………………………………………………………………8
5.0 Design Update………………………………………………………………….16
6.0 Manufacturing Plan…………………………………………………………….19
7.0 Design Verification Plan……………………………………………………….24
8.0 Project Management……………………………………………………………26
9.0 Conclusion……………………………………………………………………...27
Works Cited……………………………………………………………......……….28
Appendices:
Appendix A: QFD……………………….……….…………………………………A-1
Appendix B: Ideation…………………………………………….…………………B-1
Appendix C: Preliminary Testing results...................................................................C-1
Appendix D: Bill of materials & Design Drawing.....................................................D-1
Appendix E: Final Budget.......................................................................................... E-1
Appendix F: Test results & Design Verification........................................................ F-1
Appendix G: Failure mode & effects analysis........................................................... G-1
Appendix H: Design Hazard Checklist………………………….………………..... H-1
Appendix I: Risk Assessment...................................................................................... I-1
Appendix J: User Manual............................................................................................ J-1
Appendix K: Test Procedures....……………….…….…….…………………….…. K-1
Appendix L: Gantt Chart............................................................................................. L-1

iii

1.0 Introduction
Prosthetics is a billion-dollar industry. With this said, there are multiple companies that
fall short with a certain category of design. This design is a prosthetic foot shell. The shell is
designed to slip over or around the prosthetic foot and be able to be inserted into a wide variety
of footwear. The pit fall in current designs of these foot shells are that they lack in mechanical
soundness and robustness. For active people they need to be durable, secure, manageable, and
have a long-life cycle.
Mr. Cumming is a marine veteran who loves to be active outdoors. He has been part of
the USA surf team since 2019 and in 2003 started a non-profit organization called AmpSurf™.
His company’s mission statement is to “promote, inspire, educate, and rehabilitate all people
with disabilities and their families through adaptive surf therapy and other outdoor activates.” [1]
This is something that has been reflected through the product the team designed. The issue that
was presented, is that the current product and solutions for Mr. Cummings wears out too quickly.
The foot shells currently available wear down and deteriorate to the point they can no longer be
used. For Mr. Cummings they typically only last a month or sometimes only a matter of weeks.
Everyone has issues wearing through shoes; the sponsor as well as other individuals have issues
wearing through a foot shell when used with their prosthetic. The team's goal was to create a
product that allows people like Mr. Cummings to continue their mission to give back and live the
life they desire. It is important to extend and extenuate the ability of the user.
The team is composed of three fourth year mechanical engineers who are all passionate
for the outdoors and have enjoyed working with a non-profit designing a more robust foot shell.
This report will discuss the research conducted and observations that have been made throughout
the design process. It presents challenges and ideation about the direction the team initially
intended to go with for the design. It also highlights the different iterations of prototypes that
have been constructed and tested to verify the design. At the end of this report recommendations
to continue working on the project will be included.

2.0 Background
To begin the research into this topic an interview was conducted with Mr. Cummings to
gain understanding from his personal point of view. The team then researched relevant journals,
existing products, and patents that helped assist in the understanding of prosthetic foot shells. All
the journals, patents and existing products were assessed to further understand current solutions
to the existing problems as well as potential areas that needed improvement. Important findings
are summarized in section two.

2.1 Customer Research
From the data Mr. Cummings provided within an interview, 90% of the foot shells wear
in the toe section under the carbon fiber prosthetic. The other 10% of wear typically happens in
the heal section by the carbon prosthetic stabbing into the back of the shell. [2] Once these shells
fail in this way, they become useless to the user. Some customers go through insurance to
acquire these shells which can be time consuming and limited to only one or two a year. [2] Due
to the costs of foot shells without insurance, some users may be forced to repair old foot shells or
limit the use of their foot shells. YouTube videos were watched to get an understanding of how
the customer base utilizes their current shells throughout their daily life. Multiple other videos
were also watched to gain understanding about the composition of typical foot shells. These
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shells are mostly composed from proprietary silicone blends that are flexible to be able to stretch
around the prosthetic. [3] The shells must “pop” into place to be secure. [4]

2.2 Technical Research
As stated by Rino Versluys et al “From the 1990s gradually more attention has been paid
to the incorporation of active elements in prosthetics as passive devices are not capable of
providing the amputee with sufficient ankle power during gait. Gait is the motion of walking,
and the important part of gait is the stance phase of gait. The stance phase of gait starts when the
heel touches the ground and ends when the toes leave the ground. Most of these bionic devices
are still on research level nowadays but one can expect that they will become available on the
market soon.” [5] Being active in life is important to a lot of people. It improves your physical
and mental health. The individuals who wear prosthetics should be able to be active without
having to worry about their prosthetics breaking during their everyday activities.
Designing a shell that is affordable would be a good way to give back to help these
individuals and many others in the world. As stated in a journal article written by John Craig: “In
most low-income countries, there may be only one, or at best a few, options which to choose.
Often financial resources are quite limited and the functional demands on prosthetic feet are
extreme.” [6] Providing a solution for Mr. Cummings, other active people, and people in lowerincome countries is something that still needs to occur. This drove our design to be buildable
with materials most people would have access to, regardless of country or region.
According to Dr. Jan Andrysek, “In the mid-1990s, a number of key publications and
meetings of experts identified major technical issues associated with prosthetic technologies
intended for developing countries. These included inadequate durability of prosthetic feet, poor
socket quality and prosthetic fit, improper alignment of prostheses, and inferior function of
components.” [7] These issues addressed by Dr. Andrysek are all ones that were addressed in the
design. Within the design the team has really focused on the inferior function of components
with these prostheses.
Foot shells are always tested before they are sent to market for public use. In Sasaki’s
foot shell build they used “cyclic foot testing.” [8] This used a robotic apparatus to repeatedly
put the foot shell under stress and then alleviated said stress. It gave an indication of how long
the shell would last. Though this is a great test that gives incredible insight to the products
durability, the team will be unable to run a test such as this due to lack of a proper testing facility
due to the Covid-19 pandemic. Other makeshift verification tests have been performed in order
to determine the products strength and durability.
Prosthetics are designated into functional level based on the person’s activity level. The
lower the rating the less active the person is. Table 2-1 shows and describes each classification
for functional level. These levels are developed by the American Orthotic and Prosthetic
Association and are frequently used in the classification of components for prosthetic
prescriptions.
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Table 2-1. K Classification Table for Prosthetic Use.

Through the design of this foot shell the team must consider the flexibility of the shell
with the prosthetic to “restore the mobility of the ankle and particularly its propulsive role at the
end of the stance.” [9] In other words, the flexibility in the prosthetic mimics the motion that the
ankle would make as someone walks.

2.3 Similar Products
There are many existing foot shells designs that the team wanted to consider before
jumping into a brand-new design of a foot shell or product that helps to resist wear.

Figure 2-1. Ottobock Foot Shell [10].

The OttoBock Foot Shell [10] seen in Figure 2-1 is made of silicone and is designed to
mimic the look of an actual foot. This is for people who want their prosthetic to look more
natural or life like. In conducting interviews with the sponsor, it has been expressed that some
consumers genuinely care about the aesthetics of the shell mimicking a real-life look. The
silicone makes the shell elastic enough so that it can be easily put on and taken off.

3

Figure 2-2. Fillauer ProCover Foot shell [11].

Seen in Figure 2-2, the Fillauer ProCover [11] is a foot shell that was designed to be
longer lasting than other foot shells due to the stiffer polyurethane foam that it is made from. The
stiffer material means that the design had to be split in half in order to get the prosthetic in it. The
downfall to this design is how it is held together, the two straps that can be seen in the above
images is easily lost and does little to hold the shell together. This means if the user steps on
uneven surfaces there is a chance of the shell splitting apart and causing the prosthetic to slip in
the shoe. Within an interview the team conducted, they were told this occurred to Mr. Cummings
on a roof. [2] Due to this fact the robustness did not matter because of the safety concern. It also
does not have the aesthetics of a foot, which is important to some users.

Figure 2-3. College Park Enviroshell [12].

The College Park Enviroshell [12] in Figure 2-3 is made to look like a human foot, but
not as much as the Ottobock one above in figure 2-1. This foot shell is made from a foam
polymer blend and can be manufactured for different shoe sizes, including wide and narrow feet.
This version can even be manufactured in a sandal toe version. The user can also specify one of
three colors: Caucasian, tan, brown to match their foot shell more closely to their skin color.
Many current Foot shells are similar to the College Park Enviroshell. These include the
Freedom Innovation Foot Shell [13] and the Zumo Foot Shell. [14] They look like feet and claim
to last six months, but the sponsor has stated they do not last to that long when used in an active
lifestyle. [2]
4

2.4 Potential Materials
A couple of materials that instantly stood out to help resist wear were, climbing shoe
rubber and mountain bike shoe rubbers. The rubber on these shoes lasts about a year with daily
use compared to the silicone shell material that lasts only a couple of months. The rubber
withstands rock climbers scraping and jamming them into rocks repeatably, and mountain bikers
climbing trails and riding spiked flat pedals. In general, “Sole rubbers typically range in
thickness from 3mm to 4.5mm.” [15] A foot shell’s sole is ¼" thick so it would be over 50%
thicker than traditional climbing shoes which fall on the lower end of the scale. Either one of
these rubbers could make the shell very durable and last significantly longer than what is
currently available in the foot shell market.
Kevlar was also considered as a possible material to use as plied layers within the foot
shell. The strength and flexibility of Kevlar can make strong support in specific areas of the
mold. These areas would be around the toe and heel sections of the foot shell. Doing this could
make the shell wear down slower but also creates the risk of increasing the price of the foot shell.
Another material the team considered for inside the foot shell is thermoplastic. Thermoplastic
comes in flat sheets that are easily formed by heat into desired shapes. This idea lead to pursuing
a cheaper material high density polyethylene, made to be a layer in between the foot shell and
prosthetic.
Some other materials that were considered are barge cement and super glue to hold the
rubber to the foot shell. Accelerators have also been considered as an addition to adhesives to
shorten their curing time and potentially make them stronger.

2.5 Previous Patents
Patents were found of current products and some material patents that were considered in
the design process. The results of this search are summarized in Table 2-2.
Table 2-2. Foot Shell Related Patents.

Patent
Prosthetic Foot
Shell [15]
Fillauer
ProCover [16]
Prosthetic Foot
[17]
Climbing Shoe
outer sole [18]
Kevlar [19]

Description
Prosthetic Foot Shell that attaches to Prosthetic so
shoes can be worn.
A prosthetic foot cover that is made of two pieces that
separates in the sagittal plane.
Prosthetic foot to be worn by people with leg
amputations.
Rubber made for durable climbing shoes that has high
coefficient of friction.
Material made for stopping projectiles.

Number
US20130218297A1
US20190060090A1
US9999525
US20130086822A1
US3974313A

These patents were helpful in choosing a design direction. They showed the team what
has already been done with foot shells, and what can be improved upon. They gave inspiration to
different material choices for testing. The Fillauer ProCover is a useful design that does increase
the lifespan to almost a year or more; however, it does have a dangerous shortcoming that Mr.
Cummings experienced. This style shell was able to rotate within Mr. Cummings shoe which can
be very dangerous. The climbing shoe outer sole also lead the team in the direction of using the
rubber soling in the current design. The rubber soling the team chose is even thinner than the
climbing shoe outer sole and lasts longer because it is a higher durometer.
5

3.0 Objectives
After research was completed, the problem was defined, and criteria were developed to
guide the design process. In this section, these are explained in depth.

3.1 Problem Statement
Mr. Cummings is a veteran who uses a lower leg prosthetic and foot shell. Foot shells are
attachments for prosthetics that fit shoes and decrease the wear on the prosthetic. He needs a foot
shell replacement/modification that can withstand rigorous use because he is more active than
the typical user. Current foot shells are designed for geriatric use and the sponsor requires a
custom design for an active lifestyle.
Figure 3-1 is a boundary diagram that shows the problem the team used to show what
they could change with their design. Within the dotted lines is what the team will design. Where
the dotted lines cut through is what the foot shell will have to directly interact with. The rest of
the diagram shows the general use of the product.

Figure 3-1. Boundary Diagram.

As seen in figure 3-1 the foot shell is designed to be used in various footwear. This
boundary diagram was meant to show that this design is for active individuals. Within this design
one must consider the type of prosthetic that will be used in conjunction with the foot shell itself.
Therefore, the boundary diagram is drawn going through the part of the prosthetic because it
needs to be considered in the design.
The team planned to either modify a current foot shell or design a brand-new foot shell
from scratch. Once the SoleMates add on idea was decided on, tests were made specific to that
design.

3.2 Customer Needs and Wants
Table 3-1 below shows the customers' needs and wants for a foot shell. These were
determined by interviewing Mr. Cummings and researching current products as well as other
customer needs. Though the wants are not necessary, they will likely be incorporated into the
project if they do not compromise function or feasibility.

6

Table 3-1. Wants and Needs for the Foot Shell.

Needs
Fits a Standard Shoe
Scalable to different foot sizes
Non-slip on floor
Sole with ¼” height
Fits Prosthetic
Not damage prosthetic
Durable

Wants
Aesthetically Pleasing
Low Cost
Easy to install/remove
Little/No maintenance
Lightweight

Mr. Cummings ideally wants a foot shell that is durable, sturdy, allows him to have
confidence in using it on uneven surfaces or different types of terrain and be cost effective. He
does not mind personally about the aesthetics of it looking like a foot but informed the team that
some people do. [2]

3.3 Quality Function Deployment (QFD) House of Quality
The QFD was used to define the problem by comparing the who, what, how, now, and
how much of the project. It can be seen in Appendix A. The “Who” portion considered veterans,
leg amputees, Mr. Cummings, and potential manufacturers for the product. The “What” sections
described the requirements of the project through foot shell user’s eyes. The “How” determined
how the project would be measured using engineering specifications. The “How” and “What”
sections overlapped to show which customer needs were addressed in each engineering
specification. “Now” from the QFD took into account current market products and how well they
satisfied customer needs by using the “What” categories. “How much” put specific quantifiable
tolerances on each of the “How” specifications.

3.4 Design Specifications
Table 3-2 takes the specifications from house of quality that must be satisfied to have a
successful project, which can be seen below.
Table 3-2. Specifications Table.

Spec. #
1
2
3
4
5
6

Parameter
strength
cost
weight
flexibility to
15°

Target
300 lbf
$15
8 oz
Do not
Plasticly
Deform
8
160° F

Tolerance
Max
Max
Max
Max

Risk
H
M
L
H

Compliance
T, I
I
T, I
T, I

Shoe size
+/-3
H
I
Heat
Min
M
T, I
Durability
Risk: H (high), M (medium), L (low); Compliance: A (analysis), T (testing), S (similar), I
(inspection)
• The strength of the final design and material that is selected needs to withstand a 300lbf
load without yielding or deforming in any manner. It also can not crack or break the
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•
•
•
•

•

adhesive used. This will be tested by applying a compressive force on top of the shell of
300lbf.
The manufacture cost cannot exceed a total of $15. The goal is to make this design very
inexpensive in order to be available to a variety of classes.
To measure weight, the product will be put on a digital scale.
To measure the flexibility of the foot shell, shell will be bent 15° to see if the the external
sole remains intact.
Fit various foot shell sizes.
To check for heat durability the shell will be put in a high temperature environment and
then checked for deformation.

Some of the high-risk specifications would be strength, flexibility, and size. Some tests have
been conducted with a static 300lbf force load applied to the material to ensure it does not
plastically deform, yield, or fail the adhesive. The size is seen as a high risk simply because it
must fit standard shoe sizes. The primary focus will be for the sponsor who has a size 8
prosthetic. Our SoleMates DIY product is however designed and rated for a single size 13 shoe.

4.0 Concept Design
This section will discuss how the team came to a design direction. Concepts were ideated
using brainstorming, brainwriting and brain dumping. Ideas were made to satisfy a single
function on the function tree that can be seen in Appendix B. Once ideas were recorded, the team
began to make models based on the solutions from the ideation process. These were low
resolution concept models that allowed the group to explain ideas to each other. Additionally,
these designs gave insight as to how well the idea fulfills each function presented.

4.1 Function Concept Models
Three functions that were primarily used to ideate are preventing slip, resisting wear, and
securing to prosthetic. At least 5 models were generated for each function. Figures 4-1and 4-2
show all the models made to illustrate the resist wear function in a top and bottom view,
respectively. As a team, it was decided as a goal to resist wear internally and externally for the
foot shell that is used on the prosthetic foot. This led the team to ideate on not re-inventing the
wheel for a full prosthetic foot shell but creating a product that satisfies the intended functions.
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Figure 4-1: Depicts top view of resist wear concept designs.

Figure 4-2. Depicts bottom view of resist wear concept designs.

The concepts shown in Figures 4-1 and 4-2 consist of different considerations around
resisting wear. The top choices that were to be considered for the internal compartment of the
shell to resist wear were: formed plastic insoles, corked buffers in specific zones of wear, and
plied layers of Kevlar as an interface between the prosthetic and silicone style foot shells. The
top choices that are to be considered for the external bottom surface of the shell is, rubberized
soling that would be permanently fixed by a type of rubberized cement or adhesive, and
rubberized x-pattern material that has removable adhesive backing to be easily mounted by a
customer in a location they desire on the bottom of the shell.
Many models were also made for preventing slip. One that was decided to be pursued
further can be seen in Figure 4-3. The idea was to use an adhesive layer either on the external
bottom of the foot shell or the internal insole of foot shell to ensure it would not slide around on
the prosthetic or on the floor. This concept is important because the sponsor Mr. Cummings has
difficulty with his prosthetic shell rolling inside the shoe.
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Figure 4-3. Prevent Slip Concept Model of Adhesive Bottom.

The concept shown in Figure 4-3 is being further analyzed in the final design. The last
function that models were made for was securing the shell to the prosthetic. What came out of
this ideation was an idea for a foot shell that is secured around the foot by a hinge system that is
placed on the back of the heel. This is shown as a concept model in Figure 4-4.

Figure 4-4. Concept Model for securing the prosthetic to the foot shell.

This concept model utilizes a rail system for the prosthetic foot to slide into from the
back of the foot shell. The hinge system would then lock the prosthetic into place, securing the
foot shell to the prosthetic. This would allow for a convenient way of connecting a prosthetic
foot and foot shell that is not currently available in the market.
Once function concept models were made, ideas for each function were discussed and
assessed in a Pugh Matrix shown in Appendix B. In each Pugh matrix, the ideas were evaluated
against a common datum. Relevant customer needs and wants were used to compare the ideas to
the datum. The ideas were either given a score of better, the same, or worse than the datum.
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4.2 System Level Designs
To combine ideas from the function concept models, a morphological matrix was used.
This matrix had four ideas that satisfied each function, which are: resist wear, secure to
prosthetic, prevent slip and protect prosthetic. The ideas were then combined in various ways in
order to come up with system level designs. The Morphological Matrix, as well as the system
designs it helped generate, can be seen in Appendix B.
The first system level design is called the “Thick Shell”, which can be seen in Figure 4-5.
The idea is much like the College Park Enviroshell in Figure 2-3 but has more layers. Its sole
would have a carpet lined inside to provide an additional surface for the prosthetic to wear
against. Most of the shell would be made of Kevlar or Silicon, to provide a tough but slightly
bendable shape. On the bottom of the shell, material would be raised into a gripped pattern,
much like the sole of a shoe. This way the shell could be worn barefoot, and the user would be
safe to not slide around.

Figure 4-5. Thick Shell System Design.

The next design is the “Pin-Fixed.” This design, seen in Figure 4-6, is much like the
Fillauer ProCover. It would be composed of two carbon fiber halves secured around the foot
shell. The main difference in comparison to the Filloauer ProCover shell, is that instead of the
push pins secured by a Velcro strap, the two halves would be held together with two through
pins. This added security would have a tradeoff; the design would take more time to attach and
detach from the prosthetic.

Figure 4-6. Pin-Fixed System Design.
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Another system is called the “Repairable.” It would be a foot shell with interchangeable
soles. Once one of the soles wears through, the user could switch out just the sole, while keeping
the rest of the foot shell. The team also entertained the idea of having different sole attachments
for different levels of activity. This can be seen in Figure 4-7 with the Repairable foot shell and
two different soles.

Figure 4-7. Repairable Foot Shell System Design.

The Final System level design was the “Outside Add On.” This is different than all the
other concepts because it adds on to current market foot shells instead of creating an entirely new
foot shell. A sketch of the external sole that would be adhered to a Enviroshell style shell can be
seen in Figure 4-8.

Figure 4-8. Outside Add On System Design.

This system would also include an insole to prevent wear on the internal of the shell from
the prosthetic. The insole would be much like its external counterpart, except for not having an
adhesive. The inside of current foot shells have tight tolerancing, and an adhesive would not be
necessary to keep it in place.

4.3 Chosen Design Direction
The team made some major changes from the scope of work direction. Talking with the
sponsor it was decided that more benefit would come out of designing internal and external
liners to resist wear rather than, trying to re-invent the wheel of creating a mold and making a
silicone style foot shell. Within these times of Covid-19 and limited accessibly to campus labs
and shops, this is a better design direction for the team to go in. This greatly affected the
decision-making process. This sparked the team to perform more research on different types of
bonding adhesives to see what would work best with the materials the team intended use.
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To decide which system level design, described in the previous section, the team used a
weighted decision matrix to find which design satisfied customer needs and wants the best. The
weighted decision matrix took all the customer needs and wants from the QFD as well as the
engineering specifications from Table 3-2 and assigned weights to them to determine how
important each was. Each of the four system level designs were then evaluated with the weighted
decision matrix seen in Appendix B. The system design that had met or exceeded the needs,
wants and engineering specifications received the highest score. This design was the “Outside
Add On.”
The chosen design calls for an external sole and an insole to be added to a current market
foot shell to increase longevity of the foot shell. The external sole will have a gripped bottom to
prevent the user from slipping when wearing the shell without a shoe on slick or wet surfaces. It
will then be attached to the shell with a permanent adhesive that can last through heat,
mechanical wear, and chemical wear. This design can be seen in the system design concept
prototype in Figure 4-9. The black material on the bottom of the sole that can be seen on the right
side is grip tape, to show that the bottom would grip surfaces. The top white material is meant to
simulate a layer of adhesive that would attach directly to the bottom surface of the foot shell.

Figure 4-9. System concept model of external sole add on.

The second part of this design direction is the insole to reduce the wear from the
prosthetic on the shell. Mr. Cummings had already made a design for this, which the team felt,
with some minor changes, could work exceptionally well. His design was to use an old laundry
detergent bottle in the past to provide the extra layer of protection to the foot shell from the
prosthetic. Kevlar, thermoplastic, and high-density polyethylene were considered for the material
of this insole. A model of the insole can be seen in Figure 4-10.

Figure 4-10. Concept model for a plastic internal sole comparable to insoles.

High density plastic is resistant to wear and elements but also can be very thin which is
beneficial in keeping the overall thickness of this system smaller than 1/8 inches. The plastic sole
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would sit in between the foot shell and the sock that goes over the prosthetic. The size of the sole
is designed to fit internally into the foot shell. The prosthetic once inserted would be
compressing the insole, holding it in place, not allowing it to move or slip during use.
Figure 4-11 shows an initial internal design that incorporates the thermoplastic material
wrapped in a tubular fashion that is adhered to a sock. Prosthetic foot shell users use a sock in
between their prosthetic and the shell. Within this design, the sock acts as two separate interfaces
rather than one. One of the interfaces is between the thermoplastic material and prosthetic foot
while the other is between the silicone shell.

Figure: 4-11: Toe and heal slip on thermoplastic molded socks.

Figure: 4-12: Toe and heal slip on thermoplastic molded socks.

Within Figure 4-11 it is difficult to visualize the inside of the sock. Figure 4-12 shows the
internal thermoplastic that would be fixed inside the sock. This is just a concept, so it is not
perfect. This design would be form fitted to the heal and toe section of the Prosthetic foot
allowing for easy application of taking it on and off. This design would give 360 degrees of
protection between the silicone foot shell and prosthetic in the two locations on the shell that
wear the most.
The team had a second method to reduce the wear on the inside of the foot shell with a
liner made of thermoplastic that will be shaped to the shape of the foot shell. Within figure 4-13
it shows the raw thermoplastic material molded into a liner shaped in an insole design. This liner
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would at as an interface between the prosthetic foot and silicone foot shell creating an extra layer
of protection than what is currently available.

Figure: 4-13. Insole liner made with thermoplastic.

To further show how the soles would go with the foot shell a CAD model was made. This
model can be seen in Figure 4-14. This model helped the team convey the design direction to the
sponsor before a prototype had been made. The design has now been changed from this to the
design that is described in section 5.0.

Insole

External
Sole

Figure 4-14. CAD model showing external sole and insole with foot shell.

4.4 Concept Design Potential Issues
Once the concept design had been chosen, several potential issues were identified.
Temperature was foreseen as a factor that could cause deformation within the material selection
or be a leading cause in adhesive failure. This is primarily because if the shell is left in a hot car
during the summer months, it could reach temperatures well over 120° F.
Bonding issues regarding the adhesive could cause safety concerns. If an adhesive is not
applied correctly or if it were to fail from heat it could result in injury for the consumer.
Tolerancing also arose as a potential issue. If an adhesive needs a thick coating to be effective, it
could cause the users hips to be displaced differently once the external sole is added. With body
mechanics, the smallest difference of hip displacement can affect the overall motion and comfort
of the person in question. The team is set out to make an external liner that is no greater than
1/8th of an inch to keep this in mind. This means the team needs to understand the interface
15

tolerancing on the adhesive and rubberized sole. If the adhesive is not permeant and the bonding
properties fail, this could lead to safety concerns with the user falling. This poses a risk that must
be addressed in the final design. A Failure Modes & Effects Analysis, Design Hazard Checklist
and Risk Assessment can be seen in Appendices G, H and I respectively outline our safety
concerns. These were used to check for potential safety issues, such as these, that have been
addressed.

5.0 Final Design
A verification prototype has been made with materials that performed well in preliminary
testing. The results from these tests can be found in Appendix C. The material chosen for the
insole was high density polyethylene, HDPE. The external sole material chosen was replaceable
shoe sole rubber, which was adhered using all-purpose Barge Cement. A major change to the
original concept design is that now the external sole is in two pieces to ensure adhesion to the
bottom surface of the foot shell.

5.1 Design Description
The current design has two main components: an insole made of high-density
polyethylene and an exterior sole made of shoe rubber that will be attached to the foot shell by
Barge All-Purpose Cement. The team decided to use high-density polyethylene instead of
thermoplastic because it has one less manufacturing step and is a lot easier for users purchasing a
DIY kit. The thermoplastic must be cut, heated, and formed where the high-density polyethylene
comes in flat sheets and only needs to be cut. Preliminary testing proved that the design could
achieve the same wear resistance using the material with one less manufacturing step. The design
is intended to be a DIY kit, that includes a sheet of high-density polyethylene, Barge Cement,
gloves, electrical tape and a sheet of rubber soling material. The external sole can be seen added
to a foot shell in Figure 5-1. The interior sole is held in place with the same mechanisms that
hold the prosthetic in place during use, small ledges seen in Figures 5-2 and 5-3.
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Front External Sole
Rear External Sole

Figure 5-1. Foot Shell shown with external soles attached.

Insole

Figure 5-2. Inside the heel of the foot shell, the two ledges that go over the plastic insole keep the prosthesis and
insole in place during use.

Insole

Figure 5-3. The inside of the front of a foot shell. There is a ledge that covers the front of the prosthesis during use.
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Through examination of multiple foot shells, it was discovered that different foot shells
use different shapes and positions of internal components to hold the prosthesis in place inside
the foot shell. This means the design must be versatile enough to work with varying internal
shapes, which is why the instructions provided in the DIY kit will describe the best process to get
a good fit for the users’ own foot shell. The team’s method uses the prosthesis to draw an outline
of the prosthetic foot onto the sheet of plastic to cut out. After the shape is cut out, depending on
the shell type there might need to be multiple steps of removing small amounts of plastic to
allow it to slide all the way into the foot shell. This process is described more in depth in the
Manufacturing and Assembly section 6.2.

5.2 Design Justification
This design and its components have been chosen through preliminary testing. The insole
application has been used in the past by Mr. Cummings and worked well in extending the
lifetime of his foot shell. The current insole design has been updated from his design using a
thicker piece of polyethylene. This will improve the insole’s lifespan and hopefully resist
cracking of the insole. The external sole material was chosen by preforming a preliminary drag
test. The drag test was conducted by placing a 10 lb. brick on each material and dragging it
across a rough cement surface for 10 ft. The material was then checked for deformation and
wear. This test can be seen below in Figure 5-4. The data from this test can be seen in Appendix
C.

Figure 5-4. Drag test with shoe sole rubber.

The adhesives were tested using a PosiTest AT-M adhesion tester, which can be shown
below in Figure 5-5. They were tested on old foot shells as well as a steel sheet. The Barge
Cement preformed the best out of every adhesive. More information on the adhesive testing can
be found in section 7, as well as Appendix C.
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Figure 5-5. PosiTest AT-M equipment.

Further set up of the PosiTest AT-M equipment and test data is highlighted in section 7.1.
The structural prototype made for the Critical Design Review showed the barge cement
and rubber soling material will stay adhered provided the barge cement is applied in a thick coat
and the rubber is fully adhered.

5.3 Design Safety, Maintenance and Repair considerations
The design has three major safety concerns. These can all be seen in the design hazard
checklist seen in Appendix H. First, since users will be walking on it, it will undergo major
compressive and shearing forces. It must be ensured that the components will not fail under high
stress cases like stubbing a toe. Second, the external sole material must also be slip resistant to
ensure the users are able to walk around with ease. The shoe sole rubber chosen for the structural
prototype is very slip resistant, but if another material is chosen then it must prevent slipping.
Lastly, since the design is planned to be provided as a DIY kit (further discussed in section 6) the
adhesive application is also a safety concern. The user must be informed of the need to apply the
Barge Cement in a well-ventilated space and to use gloves to ensure the adhesive does not come
on contact with their skin.
Since this product is sold as a DIY kit, the user will be able to maintain and repair their
shell themselves with the steps the team provided. The main potential problem is the adhesive
failing. If this happens, the user will need to clean the surface and reapply Barge Cement. Users
will be advised to regularly check their foot shells for delamination. Another issue that can occur
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is that over time both the rubber on the outside and the high-density polyethylene on the inside
can wear down and reduce the effectiveness of protecting the foot shell, which will lead to holes
developing in the foot shell. To prevent this the user will need to inspect these components
regularly and replace them in the same way described section 6.2 and Appendix J, which is the
user manual.

5.4.1 Material Procurement
Since the design is intended to be a DIY kit, the materials needed can be purchased as a
package that the team would put together, or the users will be able to go and buy the materials
needed from common stores. The cost of the materials to create the kits and for the users who
will buy their own materials are shown in Table 5-1. Some of the materials included in the kit are
required for assembly but will not be part of the final product. Their use will be explained in
Section 6, Manufacturing.
Table 5-1: Chosen Material Information

Part
External Sole

Adhesive
Insole

Electrical Tape

Gloves

Material
Duratec Soling
Sheet 8"x20"
Rubber Shoe
sole repair 115307
Barge Cement
(Quart)
4pc Chopping
Mat Set Blue Made By Design
3M Scotch #35
Electrical Tape

Nitrile Gloves

Supplier
Walmart

Amazon

Part Number
11-5307

Cost
$7.00

UPC 799198227213
UPC 832277150849

$29.12

Amazon

10457NA

$11.25

CVS

991271

$13.79

Target

$6.00

The suppliers shown in Table 5-1 are not the only places that each part can be purchased at, they
are the places that the team purchased the materials from.
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5.4.2 Cost Analysis
With the chosen materials, shown in the previous section, the cost of manufacturing the
DIY kit should be less than $15. Though all the raw materials will cost more than that, each
purchase can be used for multiple shells. The cost per unit can be seen in Table 5-2.
Table 5-2: Cost analysis with chosen materials

Materials
Barge Cement
Shoe sole rubber
Polyethylene
Electrical Tape
Gloves
Total unit cost

Cost
$29.12
$7.00
$6.00
$11.25
$13.79
-

Units made from
material
20
2
6
5
25
-

Cost per unit
$1.96
$3.50
$1.00
$2.25
$0.56
$8.87

6.0 Manufacturing
The SoleMate add-ons are designed to be simple enough that once materials are obtained,
anyone with the required materials could modify them to fit their foot shell. The final design of
the SoleMates will be sold as a DIY kit which includes high density polyethylene (HDPE) insole
material, rubber external soling material, barge cement adhesive to join the external sole to the
original foot shell, electrical tape, and a pair of nitrile gloves. Part drawings and a bill of
materials can be seen in Appendix D.

6.1 Manufacturing and assembly
Manufacturing the SoleMates is remarkably simple. Once the materials are obtained, they
will be trimmed down in size to fit the desired sized prosthetic foot shell. The kit is rated for a
single size thirteen-foot shell. The HDPE and rubber sheets will be 12 inches x 5 inches. The
team considered this size for the soling materials because it will allow for the majority of people
to have enough material to make their components for the insole and exterior sole.
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Step 1: Acquire the items that are not included in the DIY kit. Scissors, rubbing alcohol,
paper towels, and a Sharpie are not included in the DIY kit.

Figure 6-1. The materials included in the kit.

Figure 6-2. All of the materials required that are not part of the kit.

Step 2: Making the Insole. To make the insole, the user will begin by placing their
prosthetic on the polyethylene material and trace the outline of their prosthetic’s sole with a
Sharpe. This can be seen in Figure 6-3. The team suggests to keep the Sharpie vertical when
tracing the prosthetic to ensure you size it correctly. The team initially wanted to make templates
so each user could cut out their insole depending on their prosthetic size, but each brand of foot
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shell has slightly different dimensions and using a template would not work. Tracing and cutting
out the insole from the shape of the customers prosthetic ensures the tightest fit. This method
proved to be the best way that allowed the insole to be closely fitted with minimal trimming into
the four different variant of shells that were obtained from our sponsor and local prosthesis
company the Hanger Clinic.

Figure 6-3. Outlining the Prosthetic on the polyethylene plastic

After the end consumer traces their prosthetic. They will then move to step 3.
Step 3: Cutting the insole. This step involves using scissors or some type of shearing
device to cut out the outline of the insole previously traced. The user would then attempt to place
the trimmed insole in the foot shell. Upon insertion, it potentially will get caught on the toe, heel
or the sides of the shell. If this occurs the user should take note how much should be removed to
allow entry. The team suggests the user to make cuts in small increments to ensure the insole fits
the best. One cannot add material back once cut. The user will continue with this process until
the insole fits in the shell and can be placed as a liner across the bottom. The insole will be snug
in the bottom of the foot shell and retained by the internal dimensions of the user’s shell.
Step 4: Tracing the external sole. To make the external sole the user will begin in a
similar manner to step 2 which was making the insole. The main difference will be that the
external sole will be created in two pieces instead of one. One piece will be adhered under the
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toe section/ball of foot and the other under the heel of the foot shell. The user will place their
foot shell on the external rubber material and outline the part of the foot shell where they
normally wear through. This section of external sole will be in a shape similar to that of Figure
6-5.

Figure 6-4. Outlining the foot shell on the rubber.

Figure 6-5. External shapes for the sole after cutting and trimming.

When cutting these two sections you want to make sure to trim enough material away to
not create any snagging edges around the rounding edges of the prosthetic foot shell.
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Step 5: Prepping the foot shell. Before you jump straight into adhering the exterior sole
you need to clean the bottom surface of your foot shell. To do this you will use paper towels and
rubbing alcohol to wipe the exterior surface clean. This can be seen in Figure 6-6.

Figure 6-6. Cleaning the bottom of the foot shell with rubbing alcohol to prepare the surface for adhesion.

Step 6: Adhering the two piece external sole. Once these pieces are cut to the proper size
and the exterior of the shell is clean, they can then be adhered to the bottom of the shell. The user
must apply the Barge Cement to the external sole piece and then place it on the bottom of the
shell. As shown below in Figure 6-7. It is recommended to use gloves to ensure Barge Cement
does not come in contact with the skin.

Figure 6-7. Applying the adhesive to the first part of the bottom of the foot shell. The use of protective
keeps the adhesive off the skin during this process.
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Step 7: Taping for curing. Once the external sole rubber is adhered in the desired
location, it should be secured with electrical tape or painters' tape to ensure the Barge Cement
will cure in the proper location. Covering the external sole with tape to keep it in place while
curing can be seen below in Figure 6-8.

Figure 6-8. Tape holding external sole in place while Barge Cement cures

Step 8: Setting to cure. Once the external pieces are taped the external sole can be placed
in a dry room temperature location for 48 hours to allow the barge cement to properly cure.
Step 9: Removing the tape after curing. Once the shell has sat and cured for 48 hours
after applying the barge cement the tape can carefully be removed. When removing the tape, the
team suggests holding a finger on the edge section next to the piece being removed for best
results. Once tape is fully removed the shell is ready to be worn and enjoyed.

Figure 6-9. External sole for heel.
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Temperature and humidity will affect the curing process so is why it is recommended to
be cured in a dry location. The team found that curing the Barge Cement in a week when it
rained outside effected the cure time drastically. That week when it was damp outside, cure time
took up to 96 hours. Before use, the external sole should be checked for loose edges that could
catch on surfaces. If there are none, the insole should be placed in the shell, and it will be ready
for use.
All of these instructions will be provided to the user by an instructional video that will
show every step and describe the process of each step with visual aid. The video can be found at:
https://youtu.be/-aJo4pB7LGw

6.2 Outsourced Manufacturing
Due to the ease of manufacturing this product, there will be no outside venders used to
outsource the manufacturing. However, the labor for assembling each foot shell add-on will be
outsourced to the end consumer, as they will be modifying the components to fit their foot shell.
This is necessary to ensure versatility of the DIY kit.

6.3 Final Budget
The total budget for the project was $750. The team came in underbudget at $411.15. All
purchases for testing and final prototype are included in Table 6-1. More information on the
project budget can be found in Appendix E.
Table 6-1: Final Budget

Part
Spray Flex
Seal
Paint Flex
Seal
Barge
Cement
Kevlar
Rubber
Soling
Sheet
Electrical
Tape
Foot Shell
Canvas
Shoe
DF Slipper
5 min
Epoxy
Total
Budget

Quantity

Cost

1

12.99

1

14.99

1
1

34.24
47.07

4

26.24

1
1

17.24
200

2
1

15.94
15.22

1

8.06
391.99
750
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7.0 Design Verification
Before the design can be distributed to end users, it had to be tested to ensure it would
work well and be safe for the customer. As mentioned in section 5.2, a drag test, and PosiTest
AT-M adhesion strength test have been conducted and completed on potential materials to find
what would be used in the final product. The verification prototype shown in section 5.1 has
been tested against the design specifications. Appendix F has the Design Verification Plan
(DVP) which explains all tests. Testing procedures can be found in Appendix K.
Table 7-1. Summary of Tests

Test
Drag Test
Adhesion Tension Test
Load Test

Reason For Test
Initial Material Selection
Test Tensile Strength of Adhesive
Verify Spec #1 from Table 3-2. (Withstand
300 lbf Compressive Force)
Verify Spec #4 from Table 3-2. (Bend 15°)

Bend Test
Heat Test

Verify Spec #6 (Ensure Shell would not
deform in hot environment)
Test External Sole and Adhesive in Real
World Situation
Ensure Prototype functions properly when
sponsor uses it

External Sole Test
Real World Application Test

7.1 Preliminary Testing
To select initial materials for the internal and external components of the design, the
durability of different materials was compared by dragging each materials a set distance with set
load over rough concrete. The materials that were chosen to test were shoe rubber, Kevlar fabric,
Kevlar fabric with barge cement on it, thermoplastic, high density polyethylene (HDPE), and the
original foot shell covered with liquid silicone and flex seal. Of the materials the two that
performed the best was the shoe rubber and the HDPE, which became the outer sole and insole
respectively.
For the adhesion testing a PosiTest AT-M was used. This piece of equipment utilizes a
metal test dolly, a hydraulic pump, a pressure indicator, and actuator. The test dolly is in the
shape of a sorry game piece, as seen in Figure 7-1. This dolly is adhered to coating on the desired
surface and attaches to the actuator using a collar system shown in the Figure 7-2. The hydraulic
hand pump is connected to the digital pressure indicator which allows for pressure readings to be
collected. In the tests that were performed a 50mm test dolly was used. The self-aligning dolly
and actuator system creates a uniform distribution of pulling force over the surface being tested.
This maximizes repeatability by eliminating the possibility of shear forces on uneven pull-off
events due to uneven coated surfaces.
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Figure 7-1: Test dolly

Figure 7-2: PosiTest AT-M adhesion Tester

This test equipment's two most common standards are the ASTM D4541 and ISO 4624.
The ASTM D4541 is the standard test method for pull-off strength of coating using portable
adhesion testers. Where the ISO 4624 is the standard pull-off test for adhesion on paints and
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varnishes. The other interesting test this equipment does is the ASTM C1583. Which is the
standard test for concrete adhesion. Which was not tested in this project.
Once barge Cement was selected as the Adhesive, it was tested further with the PosiTest
AT-M. It was tested with the dollies adhered to foot shells, as seen in Figure 7-3, and on
thermoplastic.

Figure 7-3. Barge Cement being tested on Foot Shell Using the Positest AT-M
Table 7-2: Testing Barge Cement adhesive strength on foot shell

Trial Number

Yield Strength
(psi)

1

500

2

390

3

32

4

19

5
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Notes
From before CDR (1/30), reached
max strength
Pulled apart
Did not adhere properly (on curved
part of shell)
Shell failed, it bent too much and
adhesive wasn’t properly tested
Pulled apart a little but still intact,
shell bent too far again)

Table 7-3: Testing Barge Cement on Thermoplastic

1
2

Yield Strength
(psi)
23
43

3

25

4
5
6

25
32
38

Trail Number

30

Notes
Full disconnect
Full disconnect
Adhesive did not appear to
have dried properly before test
Same as trial before
Full disconnect
Full disconnect

Once a large enough sample size was collected, uncertainty analysis was done on the
tension test. This test procedure and analysis can be found in Appendix K. This analysis found
that the tensile strength of the barge cement on the Silicon Shell was 32.8±7.7 psi.
As soon as the prototype was completed the team tested if the shell had become harder to
put on the prosthetic. The modified shell fit on the prosthetic as easily as the original shell had.

7.2 Design specifications
The design will be tested for deformation and weight. The conditions under which
deformation will be tested are compression loads, bending loads, fatigue, and heat. As seen in
Table 3-2, the shell must not plastically deform when loaded with 300 lbf, or when bent at a 15°
angle. It will also need to have a minimum lifespan of 2 weeks, when worn regularly in an active
lifestyle. The prototype must also be resistant to temperatures up to 160° F, which it could be
subject to on a hot summer day if left in a car. The last specification in Table 3-2 that must be
tested for is weight. It must be less than 8 oz to allow users to walk with ease.
Table 7-4. Specifications from Table 3-2 that required testing

Specification (from Table 32)
#1, 300 lbf Compressive
Load
#4, Bend 15°
#5, Withstand 160°F
environment.

Pass/Fail
Pass
Pass
Pass

7.3 Verification Prototype Testing
To test for the compression load deformation, the shell was placed in the prosthetic and
placed under a 300 lbf load. Afterward, the shell was checked for deformation and adhesion
failure. The bending load deformation was checked in a similar manner. The shell was bent to
15° and checked for deformation but also to see if it caused any issues with the adhesion of the
external sole.
The design was tested for wear in several ways. First, the prototype was repeatedly
placed in and out of a shoe to check for any edge catching that could pull the external sole off.
This test was repeated 365 times to simulate a year use in and out of a shoe. Team members
adhered the shoe sole rubber to their shoes with Barge Cement and wear them regularly to ensure
they last at least 2 weeks. These shoes lasted over a month with regular use and the team deemed
the Barge Cement/rubber soling a good fit. The shoes with the adhered rubber soling can be seen
in Figure 7-4.
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Figure 7-4 External Sole Test

To test for heat deformation, the prototype shell was placed in an oven at 180° F for 10
minutes. Once it was removed from the oven and cooled, it was checked for deformation.
The final test for the prototype was giving the prototype to Mr. Cummings and seeing
how well it held up to the kind of use that he desired. The first test with Mr. Cummings ended
abruptly, as he caused the adhesive to fail making the two rubber soling pieces to shift on the
bottom of the shell. Mr. Cummings gave the team feedback that the adhesive still felt wet in the
center, so the team decided to re-adhere the soles but make sure that it cured in a favorable
environment. The second trial of this test survived longer but still ended failing within a couple
days of use.

7.4 Lessons Learned
The major test for our project that resulted in a failure was the real-world application test
for our SoleMates. In this test the final prototype was given to our sponsor Dana Cummings to
wear as he would in everyday life. Unfortunately, the adhesion of the external sole failed
between the external soling rubber and silicone foot shell. The team found out that even though
the external sole Shoe Test passed with flying colors, the adhesion was to a much different
material compound than that of a silicone foot shell. When silicone got introduced into the
equation it completely changed the results of the test.
Ideally with more time the team would have designed a mechanical fixture to mount the
final prototype foot shell to and simulate Dana walking for a designated number of steps. This
would allow the team to gather quantifiable results using the final material compounds.

8.0 Project Management
To ensure the sponsor agreed with the team’s decisions regarding the project, the team
checked in both in person (virtually), and in the form of formal written reports. The team met
with Mr. Cummings weekly, to discuss the current designs and ensure the needs were met. This
is the final report providing detailed information laying out the final design and testing of the
project. This Final Design Review (FDR) was preceded by both the Critical Design Review
(CDR) and the Preliminary Design Report (PDR).
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8.1 Design Process
Throughout this project the team utilized iterative design with various stages of
prototypes. This was necessary as none of the team members had a lot of knowledge about
adhesive properties or materials engineering for modeling components to simulate wear. First,
the team started with ideation process and came up with several possible designs. Then they used
decision matrices to be able to rate and focus in on one design. This step took from October to
December 2020 and can all be seen in section 4. Once the team had a design direction, they
tested different materials for each component. These tests Occurred in January to March 2020
and can be seen in section 5 and 7. Once materials were finalized, prototypes were made and
tested in real world situations with Mr. Cummings. Failures were evaluated to understand how
the prototype should be changed and then it would be updated and tested again. An in depth
look at our goals and design process can be seen in our Gantt chart in Appendix L.
To improve the design process, fixtures could have been made to test without having our
sponsor wear it. These fixtures could simulate repeated use to verify durability of the prototype.

9.0 Conclusion
This document describes the development of the design from conceptual ideas to the
verification prototype and the verification testing. Within this report the success of the insole is
shown. With just the use of the SoleMates insole, Mr. Cummings estimated the foot shells will
last twice as long. Doubling the life of the current foot shell market is an accomplishment;
however, the external sole design has not proven to be the final iteration and did not perform
well in real world tests. It simply would not remain adhered when used by Mr. Cummings. This
is occurring due to a few reasons. In early testing of our adhesive and external sole, the team
evaluated the adhesive in combination with external shoe rubber. The shoes used had grooves
and patterning to allow the Barge Cement to flow into them creating more surface area for the
adhesive to adhere to. The team believes that having this extra surface area along with the
combination of materials allowed our external sole to withstand more sheering forces and remain
adhered. Another reason was due to the material properties itself. The shoes used for testing were
not composed out of the same silicone material as the final foot shell. This difference in material
proved to be especially important. The foot shells that were used in final verification were
smooth and not porous like the shoes previously used which did not adhere to the external soling
rubber as well as previous tests.
If the project was to be continued or done again, designing an entirely new shell could be
a remedy. Consulting Materials and Chemical Engineers would be a great tool to quicken the
learning curve for this type of design. Being three Mechanical Engineers with limited knowledge
in materials and adhesives, proved to be difficult for the team to take that route. This was
influenced by the team not having interdepartmental access to the Materials Engineering
department at school which housed the mold making equipment. This past year was full of
learning new methods and practices due to the pandemic and Covid-19 virus placing restrictions
on lab and school access. Having the proper facility and equipment to use is especially important
in any type of design and manufacturing task. Simply not having the right tools for the job
restricted the team’s direction. In continuing from the current iteration to further this project
along, a cyanoacrylate accelerator could be applied to the bonding surface before the application
of the adhesive. After team discussion this would have been a useful product to try with our
current design because it would create an almost instant bond that is useful to cure adhesives that
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have the possibility of being pressed out of two substates when placed together. Which was our
team's case.
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Appendix A: QFD
Table A-1: Quality Function Deployment (QFD)

A-1

Appendix B: Ideation
Function tree:

B-1

Brainwriting sessions:

B-2

B-3

B-4

Braindump session:
For Prevent Slip function:
1. X pattern on interior of foot shell of stealth rubber/climbing rubber
2. Ribbed pattern on interion of foot shell of motorcycle grip/mtb grip rubber
3. Raised portion of some type of grippy material where the prosthetic sits on the toe and
heal section
4. Have little inserts that are replaceable soft high friction material. (don't care much about it
wearing because it is easily replaceable, and the goal would be making these replacements
cheap)
5. Use a spike style sock with a hard rubber material on the internal of the sock
6. Hospital sock bottoms
7. Resin or epoxy bottom
8. Hard stops to lock prosthetic in place
9. Use some sort of interlocking texture that resists motion
10. Make a sleeve that creates a tight press fit in the foot shell
11. Use bands that tighten up the foot shell around the prosthetic (kind of also detach)
12. Make rubber, or similar material, spacers that the user could choose how many to add to
get the kind of fit they want
13. Make the toe/heel out of more rough material that is not able to scratch the prosthetic
14. Use rough material harder than prosthetic but use a protective sleeve around prosthetic to
protect
For Resist Wear Function:
1. Use harder materials, such as hard plastic or maybe something metallic
2. Make some sort of tape/covering for the prosthetic that wears down instead of the foot
shell
3. Make a new foot shell with more space between prosthetic and shell for additional
padding
4. Make thicker shell to last longer
5. Apply a lubricant to allow small slipping without a lot of friction/less wear
6. Have replaceable part of foot shell so not whole thing needs to be replaced
7. Wrap prosthetic in cloth to make it softer
8. Simple insole like dana used
9. Use tire rubber that can take a lot of use
10. Use the plastic/rubber that is normally on shoes soles
For Attaching and Detaching Function
1. Screw entire foot shell onto prosthetic
2. Slip on (Nike Slide)
3. Firm sock-like (current market foot shells)
4. Loose sock-like (very flexible material that can stretch and bend a lot more than current
shells)
5. Clip in (ski bindings)
6. Screw foot shell together around prosthetic
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7. Adhesive that sticks to prosthetic
8. Tie string/rope/webbing around prosthetic to secure shell
9. Have shell clip in on the sides (like ski binding idea but it clamps on either side of
prosthetic instead of toe and heel.
10. Soft material that hardens around prosthetic and needs to be broken to taken off. (JB weld
type stuff)
11. Velcro
12. Heavy duty magnets on bottom and on side
13. Pin system with fixture (can be side to side or top to bottom or at angles?)
14. Refer to last picture on brain writing 3 with a slide lock system. (keyway thing)
15. Snap style buttons to step into (like a shirt)
16. Clipless (MTB pedals)
17. Wing nuts
18. Plastic clips/retention clips (Kind of like in some automobiles- Colton needs to draw it
out for you)
19. Slide in rail system (back of foot shell heal hinged and able to side in prosthetic. When up
it is a locking device)
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Pugh Matrices:
Pugh matrix for preventing slip

Pugh matrix for securing to prosthetic
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Pugh matrix for resist wear:
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Morphological Matrix

1
2
3
4

Function
Resist
Wear
Secure to
Prosthetic
Prevent
Slip
Protect
Prosthetic

A
ribbed rubber
sole

Morphological Matrix
B
C
aggressive X sole
interchangeable
pattern
soles

D
plied layers of
Kevlar

Pin

Velcro

Tape

Tight fit

Thick Sole

Raised Strips

Toe Protector

Adhesive

air bladder
inside shell

carpet lining inside

Wrap with tape

Sock

System designs from Morphological Matrix
Function
Name:
Outside add on
Repairable
Pin-Fixed
Thick shell

Resist wear
plied layers of
Kevlar
Interchangeable
sole
plied layers of
Kevlar
plied layers of
Kevlar

Secure to Prosthetic Prevent slip
Idea from Morphological matrix

Protect
Prosthetic

Tight Fit

Adhesive

Sock

Tape

Adhesive

Wrap with tape

Pin

Adhesive

Sock

Tight fit

Raised strips

Carpet lining
inside
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Weighted Design Matrix
Factors:

Weighted Design Matrix
Outside
Weight:
Repairable
Add On

Pin-Fixed

Thick Shell

Fit in shoe

3

8

7

9

4

Scalable to
different shoe sizes

3

8

7

5

5

Not Rigid

2

5

5

2

4

Durable

5

7

3

9

9

Flexible to a degree
(fit prosthetic in)

2

8

10

4

5

"looks like a foot"

2.5

6

3

4

6

Does not slip off
foot

5

8

9

10

6.5

High impact
resistance

3

7

3

5

7

weather resistance

1

3

3

7

7

affordable

4

6

9

4

4

lightweight

4

7

10

5

6

Total

34.5

240

227.5

217

205.5
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Appendix C: Preliminary Test Results and Procedures
Test: Drag Test
Test Description: Place Weight on sample and pull across concrete. Record distance before
deformation/deformation extent at distance
Required Equipment:
•
•
•

10 lb brick
Potential external sole materials
Tape measure

Testing Protocol:
20. Place Brick on testing sample
21. Pull material across concrete for 10 ft
22. Examine testing specimen for deformation
Data:
External Sole Material:

Distance:

Shoe sole rubber
Flex seal spray
Flex seal paint
Barge Cement treated Kevlar
Liquid Silicon

10 ft
10 ft
10 ft
10 ft
10 ft

Deformation (1-4):(1 is
minimal deformation)
1
2
3
2
4
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Test: Adhesion Tension Test
Test Description: Use manual tension tester (PosiTest AT-M) to check yielding point of different
adhesives.
Required Equipment:
•
•
•
•

PosiTest AT-M manual adhesive tester
Adhesives to be tested
Silicon Squares to adhere tester to
Nitrile gloves

Testing Protocol:
1. Adhere silicon to testing piece with desired sample and allow adhesives to cure, be sure
to wait the appropriate time for each adhesive.
2. Plug in and turn on the PosiTest AT-M, then press the <sorry symbol here> button until
50 mm is shown on the display.
3. Open the release valve on the back by turning the knob counterclockwise.
4. Zero the PosiTest AT-M by pressing the green ! symbol.
5. To insert the test samples into the PosiTest AT-M lift the collar on the end of the
fixturing device then move the top of the metal sample into the fixturing.
6. Close the release valve by turning the knob counterclockwise.
7. Begin pumping the handle until the numbers displayed stop changing and sample breaks
and record the values.
8. Once the test it completed open the release valve.
Adhesive:
Barge Cement
Super Glue
Hot Glue
JB Weld for Silicon

Yield Strength Shell: [PSI]
500
500
20
20
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Yield Strength Steel [PSI]
19
18
19
19

Appendix D: Bill of Materials
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Appendix E: Project Budget
Budget

$750

Part
Rubber Soling
Sheet
Spray Flex Seal
Paint Flex Seal
Barge Cement
Kevlar
Rubber Soling
Sheet
Electrical Tape
Foot Shell
Canvas Shoe
DF Slipper
Tax
5 min Epoxy
Tax
Total
Remaining

Price

Quantity

Estimated
Shipping

Total Part
Cost

Date
Purchased

4.49
12.99
14.99
29.95
37.5

1
1
1
1
1

4.14
0
0
4.29
9.57

8.63
12.99
14.99
34.24
47.07

11/27/20
11/27/20
11/27/20
11/27/20
11/27/20

4.49
11.25
200
7.97
12.98
2.24
7.99
0.7

3
1
1
2
1
1
1
1

4.14
5.99
0
0
0
0
0
0

17.61
17.24
200
15.94
12.98
2.24
7.99
0.07
391.99
358.01

2/16/21
2/16/21
4/14/21
2/25/21
2/25/21
2/25/21
5/6/21
5/6/21
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Appendix F: Test Results and Design Verification (DVPR)
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Appendix G: Failure Mode Analysis & Effect analysis
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Appendix H: Design Hazard Checklist
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Appendix I: Risk Assessment
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Appendix J: User Manual
User Manual
This manual goes over the steps needed to make the SoleMate add-ons for prosthetic foot
shells. Read this manual through before attempting to make the add-ons, as there are safety
procedures that need to be followed that are outlined in these instructions. The materials included
in the kit and materials that you will need to acquire before starting the procedure are shown
below in the following tables.

Materials
Table 1: Materials Included in Kit

Part
Soling Rubber
High Density Polyethylene
Nitrile Gloves
Barge Cement
Electrical Tape

Part Number
11-5307
UPC - 832277150849
991271
UPC - 799198227213
10457NA

Supplier
Walmart
Target
CVS
Amazon
Amazon

Table 2: Materials Procured by User

Part
Rubbing Alcohol
Sharpie
Scissors
Paper Towels
Foot Shell (Silicone Style)

Recommended Supplier
CVS, Target, Walmart
CVS, Target, Walmart
CVS, Target, Walmart
CVS, Target, Walmart
Prosthetic Supplier

Step by Step Assembly Instructions
Manufacturing the SoleMates is remarkably simple. Once materials are obtained, they
will be trimmed down in size to fit the desired sized prosthetic foot shell. The kit is rated for a
single size thirteen foot shell. The High-Density Polyethylene and rubber sheets will be 12
inches x 5 inches.
Step 1: Acquire Materials
Acquire the items that are not included in the DIY kit. Scissors, rubbing alcohol, paper
towels, and a Sharpie are not included in the DIY kit.
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Figure 1: The materials included in the kit.

Figure 2: All of the materials required that are not part of the kit.

Step 2: Making the Insole.
To make the insole, the user will begin by placing their prosthetic on the polyethylene
material and trace the outline of their prosthetic’s sole with a Sharpe. See Figure 3. The team
suggests to keep the Sharpe vertical when tracing the prosthetic to ensure you size it correctly.
The reasoning the SoleMate team suggests this method for sizing of the insole opposed to using a
topographic style templet. It is because the team found in testing that the internal dimensions of
foot shells change manufacture to manufacture. Tracing and cutting out the insole from the shape
of the customers prosthetic ensures the tightest fit. This method proved to be the best way that
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allowed the insole to be closely fitted with minimal trimming into different manufacture variants
of these foot shells.

Figure 3: Outlining the Prosthetic on the polyethylene plastic.

After tracing is completed, the user will then move to step 3.
Step 3: Cutting the insole.
This step involves using scissors or some type of shearing device to cut out the outline of
the insole previously traced. The user would then attempt to place it in the foot shell. While
inserting the insole there exists the possibility of getting caught on the inside walls of the shell. If
this occurs the user should take note how much should be removed to allow entry. Make cuts in
small increments to ensure the insole fits the best. One cannot add material back once cut. The
user will continue with this process until the insole fits in the shell and can be placed as a liner
across the bottom. The insole will be snug in the bottom of the foot shell and retained by the
internal dimensions of the user’s shell.
WARNING: When cutting, make sure to hold scissors away from your body to avoid cutting yourself
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Step 4: Tracing the external sole.
To make the external sole the user will begin in a similar manner to step 2 which was
making the insole. The main difference will be that the external sole will be created in two pieces
instead of one. One piece will be adhered under the toe section/ball of foot and the other under
the heel of the foot shell. The user will place their foot shell on the external rubber material and
outline the part of the foot shell where they normally wear through. This section of external sole
will be in a shape similar to that of Figure 5.

Figure 4: Outlining the foot shell on the rubber.

Figure 5: External shapes for the sole after cutting and trimming.
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When cutting these two sections you want to make sure to trim enough material away to
not create any snagging edges around the rounding edges of the prosthetic foot shell.

Step 5: Prepping the foot shell.
Before you jump straight into adhering the exterior sole you need to clean the bottom
surface of your foot shell. To do this you will use paper towels and rubbing alcohol to wipe the
exterior surface clean. See Figure 6.

Figure 6: Cleaning the bottom of the foot shell with rubbing alcohol to prepare the surface for adhesion.

Step 6: Adhering the two piece external sole.
Once these pieces are cut to the proper size and the exterior of the shell is clean, they can
then be adhered to the bottom of the shell. The user must apply the Barge Cement to the external
sole piece and then place it on the bottom of the shell. As shown below in figure 7. It is
recommended to use gloves to ensure Barge Cement does not come in contact with the skin.
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Figure 7: Applying the adhesive to the first part of the bottom of the foot shell. The use of protective keeps
the adhesive off the skin during this process.

Step 7: Taping for curing.
Once the external sole rubber is adhered in the desired location, it should be secured with
electrical tape or painters' tape to ensure the Barge Cement can cure in the proper location. See
Figure 8.

Figure 8: Tape holding external sole in place while Barge Cement cures
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Step 8: Setting to cure.
Once the two external pieces are taped and fully secured, the foot shell can be placed in a
dry location with ambient temperature for 48 hours to allow the barge cement to properly cure.

Step 9: Removing the tape after curing.
Once the shell has sat and cured for 48 hours, the tape can carefully be removed. When
removing the tape, the team suggests holding a finger on the edge section of the external soling
rubber next to the piece being removed for best results. Once tape is fully removed the shell is
ready to be worn and enjoyed.

Figure 9: External sole.

Before use, the external sole should be checked for loose edges that could catch on
surfaces. If there are none, the insole should be placed in the shell, and it will be ready for use.
All of these instructions will be provided to the user by an instructional video that will
show every step and describe the process of each step with visual aid. The video can be found at:
https://youtu.be/-aJo4pB7LGw

Maintenance and Modes of Failure
The main mode of failure is the adhesive not being compatible to the user’s prosthetic
foot shell. Many companies have their own preoperatory bend of silicone and foam foot shells so
there is a potential that the adhesive will not work as intended. For this case, the user would
simply complete up until step 3 in the user manual and only utilize the interior sole portion of the
SoleMates product.
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If any part of the SoleMate falls off or wears down before the foot shell breaks you can
redo any of the above steps to reattach or remake the broken component to keep the foot shell
protected from further wear. Please note that if the external sole fails, make sure to clean off old
barge cement before re-adhering. The SoleMate components can be reapplied as long as the foot
shell is still able to be used in a safe manner.
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Appendix K: Test Procedures
Test: Adhesion Tension Test
Test Description: Test the strength of adhesives on a surface by using PosiTest AT-M adhesive
tester to pull off a test dolly while measure the amount of pressure required to pull of the dolly
before the adhesive lost adhesion with either surface. We will be doing numerical analysis on
with this test.
Required Equipment:
•
•
•

PosiTest AT-M manual adhesive tester
Adhesives to be tested
Flat surface on foot shells (bottom of shell)

Level of prototype: Concept prototype
Hazards:
•
•

Breathing in fumes from adhesives
Getting adhesives on skin

PPE Equipment:
•
•

Nitrile Gloves
Ventilated space or outdoor area to work in

Safety Procedure: Read safety procedures for each adhesive used in case of emergency. In
general wash affected area with soap and water and get medical attention in cases of prolonged
exposure or irritation.
Facility: Well ventilated room or outdoor area to work in
Testing Protocol:
1. Clean Silicon and test dolly with sandpaper and alcohol. The test dolly should
have no material on it from previous tests.
2. Adhere silicon shell sample to testing piece with desired adhesive and allow each
adhesive to cure following the instructions for each adhesive.

3. Plug in and turn on the PosiTest AT-M, then press the
button
until 50 mm is shown on the display. This is the size of the test dollies that is included
in the kit.
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4. Open the release valve on the back by turning the knob counterclockwise.
5. Zero the PosiTest AT-M by pressing the

symbol.

6. To insert the test samples into the PosiTest AT-M lift the collar in the middle of
the fixturing device, the part that is at the end of the hose, then push the test dolly into
the fixture.
7. Close the release valve by turning the knob counterclockwise.
8. Begin pumping the handle until the numbers displayed stop changing and the
sample breaks. Record the value shown.
9. Open the release valve and remove the test dolly.
10. Repeat for each adhesive sample.
Results:
Table 1: Results from Tests on Structural Prototype Shell with Barge Cement
Trial Number
1
2
3

Yield Strength (psi)
500
390
32

4

19

5

26

Notes
From before CDR (1/30), reached maximum
Pulled apart
Did not adhere properly (on curved part of
shell)
Shell failed. It bent too much and adhesive
wasn’t even tested
Pulled apart a little but still intact, this apparatus
couldn’t pull the test dolly far enough away from
the shell to cause failure (shell bent too much,
adhesive fine)
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Table 2: Results from Tests on Thermoplastic with Barge Cement
Trial Number
1
2
3

Yield Strength (psi)
34
43
25

4

25

5
6

32
38

Notes
Full disconnect.
Full disconnect.
Adhesive did not appear to have dried properly
before test. (Barge cement only on ~half of the
test dolly)
Adhesive did not appear to have dried properly
before test. (Barge cement only on ~half of the
test dolly)
Full Disconnect
Full Disconnect

Dates for all tests:
•
•
•

1/31/21
2/26/21
3/01/21
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Uncertainty Analysis
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Test title: Test lifespan of rubber attached to bottom of shoes.
Planned test date: 3/2 to 4/26
Test Goals: Verify that barge cement can keep the shoe rubber attached to the bottom surface of
the foot shell during use that involves repeated flexing and motion, and to test the durability and
approximate lifespan of the rubber sole.
Test equipment required:
•
•
•
•
•

A pair of shoes/sandals with relatively smooth sole
Barge cement
Tape (We used electrical tape)
Nitrile gloves
A device that can track distance or steps taken.

Prototype: Used to test Verified Prototype
Hazards:
•
•
•

Loose Rubber can be tripping hazard.
Breathing in fumes from adhesives.
Getting adhesives on skin.

Safety procedures:
For Barge Cement getting on skin, wash affected area with soap and water. If irritation continues
seek medical attention. If someone is injured due to the rubber being loose treat affected area
with first aid and seek medical attention if injury is serious.
Facilities: Anywhere you can walk wearing the shoes.
Test Procedure:
1. Cut out the shoe rubber sole replacer into the desired shape.
2. Brush Barge Cement onto the cut-out shoe rubber and press against the bottom of

the shoe.
3. Tape the rubber in place, make sure that there is ample pressure to keep the rubber

from moving and to prevent spaces of low contact from occurring.
4. Allow the Barge Cement to cure by waiting for at least 24 hours.
5. Over the course of multiple weeks wear the shoes/sandals while walking around

and keep track of the distances walked by a fitness tracker or a step counter.
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6. The test will end when either the rubber wears out completely or the rubber falls

off the sole, or if the duration of the test extends past the original lifespan of 2 to 3
weeks.
7. Add up the total distances walked and compare the patterns of wear on the

rubber.
Data:
Example table to record individual walks.
Date

Distance [mi]

Table to compare total distance at end of test:
Tester
Jacob Rodriguez
Colton Arbuckle
Chris Menke

Total distance covered [mi]
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Cause of failure

Test: Load test
Test Description: Testing add ons on scale to 300 lbf compressive load and check for
deformation.
Goal: Ensure shell will withstand force of person walking on it
Required Equipment:
•

Scale

•

Bumping heads while applying pressure to prosthetic

•

None

Hazards:

PPE:

Facility: Anywhere with a scale
Testing Protocol:
1. Place prosthetic in foot shell with add ons
2. Place on scale
3. Apply weight to prosthetic with multiple team members until scale reads 300 lbf.
4. Remove from scale and check for deformation.
Results:
Passed Test
Notes: Testing on older prototype but all components are the same so it should still work.
Tested: 4-20-2021
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Team: F-35
Test: Heat test
Test Description: Testing add ons in oven to check if heat causes deformation
Goal: Ensure shell will keep form if left in hot car on a summer day

Required Equipment:
•
•

Oven
Foot shell with add ons

•

Burns from heat

•

Potential fumes, ventilate space

Hazards:

PPE Equipment
•

Hot pads

Facility: Anywhere with an oven that can be set to a temperature around ~170 degrees F
Testing Protocol:
Preheat oven to lowest temperature setting ~170 degrees F
2. Place shell in oven for 5 minutes on baking sheet/aluminum foil
3. Remove from oven with oven mitts
4. Let cool on the floor on aluminum foil
5. Check for deformation/weakness in materials
Results:
Pass at oven set to 180 deg F
Notes: Testing on older prototype but all components are the same, so it works fine.
Tested: 4-9-2021
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Test: Bend Test
Test Description: Bend foot shell sole 15 degrees and check for deformation of add ons. This
will verify that bending when placing the shell on the prosthetic won’t harm the shell
Goal: Ensure shell will be able to bend to get on prosthetic
Required Equipment:
•
•

Foot Shell with add ons
Protractor

•

none

Hazards:

PPE Equipment
•

none

Facility: Anywhere with flat surface to bend
Testing Protocol:
1. Place foot shell with add ons on flat surface, bend and measure with protractor to
ensure it bends 15 degrees
2. Check for deformation of add ons
Results:
Pass/Fail
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External Sole Test Procedure
Background: Prosthetic feet and foot shells are designed to mimic a human’s foot at a certain activity
level. The F35 Sole Mates will allow for these shells to extend this activity level for customers. The
following process is to test the external sole portion of the sole mates.
Purpose: The Purpose of this test is to ensure that the external sole rubber remains adhered to the
bottom of the foot shell with daily use of taking your shoe on and off.
Scope: These test results will tell the team if the rubber material becomes unadhered after 365 times of
going into and out of a shoe.
Equipment needed:
1. Foot Shell with External Rubber Sole adhered and cured.
2. Prosthetic Foot
3. Shoe that is men size 8.
Safety Procedures/Hazards: This test is relatively safe but there are still a couple things to watch out for.
1. When inserting the foot shell into the shoe it is possible one could pinch their fingers or
hand between the shoe and foot shell. Be aware of hand and finger placement when inserting
shell.
2. You should not have to wear gloves because the adhesive should be fully cured. Before
starting the tests make sure adhesive is fully cured and not wet. If wet need to wait to preform
test until fully cured.
Personal Protective Requirements: For this test there are none.
Facility/Location: This test can be done at any facility or location if you acquire the equipment needed
which is stated above.
Procedure:
1. Insert foot shell into shoe.
2. Remove foot shell from shoe.
3. Repeat steps 1 and 2 for a total of 365 times.
Results:
Fail Criteria – Is having the external sole material come detached from the foot shell at any point in
testing.
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Pass Criteria – The external sole remains adhered to the foot shell after 365 times in and out.
Throughout testing, note if any edges of the external sole start to come unattached to the shell with the
corresponding test number if potential failure starts to occur.
Test Date: March 6, 2021

K-11

Appendix L: Gantt Chart
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